Newly observed D(2550), D(2610), and D(2760) as 25 and ID charmed mesons 
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We study three newly observed £>(2550), £>(2610), and D(2760) by the BaBar Collaboration utilizing the 
mass spectra and investigating the strong decays. Our calculation indicates that £>(2610) is an admixture of 
2 3 5i and 1 3 £>, with J p = T. £>(2760) can be explained as either the orthogonal partner of D(2610) or 1 3 £>3. 
Our estimate of the decay width for D(2550), assuming it as 2'Sn, is far below the experimental value. The decay 
behavior of the remaining two ID charmed mesons, i.e., ^Di and x Di (J F = 2~) states, is predicted, which will 
help future experimental search for these missing £)-wave charmed mesons. 

PACS numbers: 14.40.Lb, 13.25.Ft, 12.38.Lg 



Very recently the BaBar Collaboration has observed new 
charmed mesons, D(2550), D(2610), and £>(2760) Ol- The 
spectra of D mesons are very poorly known because higher 
states have been hindered by poor statistics and their relatively 
large widths. The BaBar analysis on these particles is that 
25 and ID are the most likely candidates when relying on 
the mass values predicted by the conventional nonrelativistic 
potential model |j] and the relativistic potential models JD-IH]. 
By reanalyzing their data, especially by studying their decay 
widths with successful 3 Pq model we would like to see 
whether the quark model prediction fits with their data. 

In the D + n~ invariant mass spectrum, two D mesons, 
D(2610)° and £>(2760)° with neutral charge, have been 
observed along with confirming two established charmed 
mesons, D*(2400)° and D*(2460)°. BaBar has also found 
the isospin partners £>(2610) + and D(2760) + in D°n + chan- 
nel. By analyzing the D* + tt~ invariant mass spectrum, three 
structures around 2533.0 MeV, 2619.0 MeV, and 2747.7 MeV 
have been released, which shows that BaBar has not only con- 
firmed £>(2610)° and D(2760)° in D*V channel but also has 
found a new charmed state D(2550)°. The resonance parame- 
ters (in units of MeV) of D(2550), D(2610), and D(2760) are 
summarized as Jl|] 



M D(25 50)o/r D( 2550)o = 2539.4 + 4.5 + 6.8/130+ 12 + 13, 

= 2608.7 + 2.4 + 2.5/93 + 6 ± 13, 

= 2763.3 + 2.3 + 2.3/60.9 + 5.1 ±3.6, 

= 2621.3 ±3.7 ±4.2/93, 

= 2769.7 ± 3.8 ± 1.5/60.9, 
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where the first error is statistical and the second is systematic. 

As listed in the paper by the particle data group (PDG) 10], 
there are six charmed mesons D, D*, Dq(2400), £>i(2430), 
Di(2420), and Dj(2460) with the established spin-parity as- 
signments (see Fig. [TJ for details). The newly observed 
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charmed resonances, D(2550), D(2610), and D(2760), are 
not only making the spectroscopy of charmed mesons abun- 
dant, but also stimulating our interest in revealing the under- 
lying properties of these particles, which, of course, provides 
a good opportunity to test the existent theory of heavy-light 
meson system and further enlarges our knowledge of non- 
perturbative QCD. 
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FIG. 1: (Color online.) The figure shows mass spectrum of six 
established charmed mesons in PDG 0] and three newly observed 
charmed mesons by the BaBar Collaboration (J] compared with the 
thresholds of D w 7r, D^n, D n, and D^K. Here, the experimen- 
tal decay channels corresponding to these charmed mesons are also 
drawn as down arrows. The decay channel £>(2550) — > Dq(2400) + n 
is omitted from the figure. 



The BaBar analysis of angular distribution indicates that 
D(2550) and D(2610) may be identified as the first radial ex- 
citations of S -wave charmed mesons while D(2760) can be a 
D-wave state The quantum number J p of D(2550) and 
Z)(2610) are assigned as 0~ and 1~, respectively, which ex- 
plains why BaBar has found D(2550) only in D*n channel and 
D(2610) both in Dn and D*n channels. As a candidate of the 
D-wave charmed meson, the spin-parity content of D(2760) 
can be either 1~ or 3~ because the observed decay process 
D(2760) -> DK fully excludes J p = 2~. 
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Spectroscopy : As shown in Table J] different theoretical 
groups J3-Ht] have carried out the systematic calculation of 
the mass spectra for charmed mesons. In addition to suc- 
cessful reproduction of 15 and IP charmed mesons, they pre- 
dict the masses of charmed mesons with quantum numbers 
0-(2 1 5 ), l~(2 3 Si), l-(l 3 Di), and3-(l 3 D 3 ). It is noted that 
the predicted theoretical mass of D(2550) falls into the range 
2.483 - 2.589 GeV, which supports the 0~(2 l So) assignment 
to D(2550). Due to the fact that the predicted as well as ob- 
served masses of charmed mesons for 1~(2 3 S i) and l"(l 3 Di) 
are close to each other GUI], D(2610) and L>(2760) can be 
regarded as an admixture of l~(2 3 Si) and l~(l 3 Di), which 
satisfies 

|D(2610)> Wcos0 -an0\/|l-(2 3 Si)>\ 
|D(2760)> J \sm(f> cos0 ) \ |l-(l 3 Di)> J ' {> 

where |1~(2 3 S i)) and |l~(l 3 Di)) are pure states and <p denotes 
the mixing angle. This situation is similar to that of charmo- 
nium (^(3770), which may be the mixing state of 1"(2 3 5 1) and 
l~(l 3 Di) charmonia as suggested in Ref. |8y. 

TABLE I: Theoretical calculations for D mesons with quantum num- 
ber n 2s+[ Lj and a comparison with experimental data. Here, we ten- 
tatively set the masses of l~(2 3 Si) and 1 (l 3 Z)i) as those of £)(2610) 
and D(2760), respectively. States with double quotations are given 
by r 3 Pn = V273| 3 J°i> - VT73I 1 / 1 !) and l" 1 ^") = VW^i) + 
V2/3| 1 Pi) J3], which correspond to two 1 + states in S and T dou- 
blets shown in the caption of Table HJ respectively. The mass value 
23 1 8 MeV for Expt. is for neutral and 2403 MeV is for charged. 

J p (n 2s+l Lj) Expt.Q.7] GI[2] MMS[3] PE[4] EFG[5] 
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cay channels of these particles are listed in Table [TT] apply- 
ing the quantum number assignment to D(2550), D(2610), 
and Z?(2760) discussed above. Defining the transition oper- 
ator T in the QPC model H,H,[l(J, the main task is to cal- 
culate the helicity amplitude M Mj a Mj b Mj c(K) corresponding 
to the strong decay processes A(c(l)q(2)) — > B(c(l)q(3)) + 
C(q(2)q(4)) shown in Table HI1 where the harmonic oscillator 
(HO) wave function *T„ r f m (k) = % h .((R, k)J/„ r f m (k) is applied 
to calculate the spatial integral in the transition matrix ele- 
ment (See Ref. ifllll for more details). The parameter R in the 
HO wave function is adjusted so that it reproduces the realis- 
tic root mean square (RMS) radius. The RMS is obtained by 
solving the Schrodinger equation with the potential in Refs. 
lfl2[ nM . which gives different R values corresponding to 
tt/t], p/u), K, D, D\ D s , D* s , £>i(2430), £>i(2420), £>*(2460), 
D(2 3 S j), and D(1 3 D j), respectively. The remaining input pa- 
rameters are the constituent quark masses of charm, up/down, 
and strange, i.e., 1.45 GeV, 0.33 GeV, and 0.55 GeV, respec- 
tively 111 211 . In addition, the strength of the QPC from the vac- 
uum can be extracted by fitting the data. In this letter, we take 
y = 6.3 ITill . The strength of ss creation satisfies y s = yj V3 



TABLE II: (Color online.) The allowed decay channels (■) of 
2S and ID charmed mesons with the quantum number assignment 
to D(2550), D(2610), and £>(2760) discussed in this letter. For 
£>(2610), decays into Dp, Deo, D*r\, and D*K are forbidden due to 
the limit of phase space. Here, 0,(2430) and £>i(2420) are the 1 + 
states in the 5 = (0 + , 1 + ) and T = (1 + , 2 + ) doublets, respectively. 
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From the above analysis and Table |U in general one con- 
cludes that 2 1 5'o is a good candidate for pseudoscalar meson 
D(2550). D(2610) may be a pure 2 3 5i state or an admixture 
of2 3 5i and l 3 L>i states. D(2760) can be a pure I'D, or a pure 
1 3 D, or an admixture of 2 3 S i and l 3 ^! as the the orthogonal 
cousin of D(2610). 

Decay width : Further studies of the two-body strong decay 
will be helpful to distinguish the different structure assign- 
ment to D(2550), D(2610) and D(2760) using the quark pair 
creation (QPC) model S&CSl, 

which is a successful phe- 
nomenological model to deal with the Okubo-Zweig-Iizuka 
(OZI) allowed strong decays of hadron. The relevant de- 



In Figs. [2]and|3] the decay behaviors of D(2550), D(2610), 
and D(2760) with different quantum number assignments are 
presented. 

D(2550) : The total decay width of D(2550) mainly comes 
from its Din and D'n contributions just shown in Fig. [2] 
where the theoretical estimate of the width for D(2 1 Sq) is 
given by T ~ 8 MeV for the typical value R - 3.6 GeV -1 , 
which is far below the observed value of the decay width 127.6 
MeV for D(2550). In Fig. [2] we also show the R dependence 
of the total decay width for D(2 1 5o), whose shape is resulted 
from the node effects of the higher radial wave function. In 
the range 3.4 < R < 3.8 GeV 1 , the upper limit of the the- 
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oretical width is still smaller than the experimental one for 
D(2550). This discrepancy between the theoretical and exper- 
imental results may indicate that the quark model calculation 
might not be appropriate in this case, or the assignment of 
2 1 Sq to D(2550) might be inappropriate. The comparison of 
the resonance parameters for D(2550) and D(2610) in Eq. (HJ 
may also be controversial because the width 127.6 MeV for 
D(2550) is larger than 93 MeV for £>(2610) even though the 
number of decay channels for D(2610) is larger than that of 
D(2550) (see TableUD, where both D(2550) and D(2610) with 
J p = 0~ and 1~, respectively, can decay into D*n through the 
P-wave. Thus, if assuming that D(2550) as Q~(2 l So) charmed 
meson and that our method is appropriate, our theoretical es- 
timate for D(2550) becomes a narrow state. 

Close and Swanson [13] have also studied the strong de- 
cay behavior of 2 1 5'o charmed meson and have obtained the 
larger total strong decay width with a smaller discrepancy 
with experiment. However, the mass of 2 1 So charmed me- 
son in Ref. lfl3ll is taken as 2.58 GeV (compare this with our 
value taken from Table whose value resulted in the decay 
width in Ref. lfl3ll larger than ours. In our calculation, we 
follow the approach given by Ref. lll5ll . which has been al- 
ready tested by calculating the decay width for the process 
D s2 (2573) — > DK + D*K + D s tj Oil that is consistent with the 
corresponding experimental data H . 
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and l 3 Dj charmed mesons just discussed in Eq. ([T). One 
finds an overlap region (green band) between the theoretical 
and experimental results for D(2610) with the mixing angle 
0.9 < cf> < 1.5 radians, which strongly supports that D(2610) 
and D(2760) are the orthogonal cousins. This explains why 
Z)(2610) has been first observed in both Dn and D*n channels 
because the main decay modes of of D(2610) are Di(2430)7r, 
Dn, D*n, and Dr\ as shown in Fig. [3] In addition, theo- 
retical estimate for the several ratios Ki = T(D*n)/T(Dn), 
<R 2 = r(D7r)/r(D 1 (2430)7r), andft 3 = T{D*rf)IT{Djf) for the 
dominant decays of D(2610) is calculated in this mixing angle 
region 0.9 < 4> < 1 .5 

0.35 < fti < 0.47, 0.78 < %i < 0.91, 0.17 < 7? 3 < 0.33, 

which may provide to check the validity of the assumption 
that the structure assignment to D(2610) is given by Eq. (Q]). 
Measurement of the ratio Y{D*n)IY(Dn) for D(2610) may be 
easiest to do because the final states and n can be easily 
detected. 

Z)(2760) andD-waves : If explaining £>(2760) as 1 3 D 3 , the 
calculated total decay width for D(1 3 D 3 ) is about a half of 
the observed one when scanning the range 3.4 < R < 3.8 
GeV" 1 , where the total widths are 33.2, 32.9, 32.5, 31.9, and 
31.3 MeV corresponding to R = 3.4, 3.5, 3.6, 3.7, and 3.8 
GeV -1 , respectively, which indicates the total decay width is 
not sensitive to R. Owing to the uncertainties coming from the 
QPC model and the present experiment, 1 3 D 3 assignment to 
Z)(2760) cannot be excluded. We especially notice that D*n 
and Dn are the dominant decay modes for D(1 3 D 3 ) with the 
ratio r(D*7r)/T(Z)7r) = 1.1 with the typical value R - 3.6 
GeV -1 (see Table HIB, which explains why D^n is first ob- 
served among many decay channels of D(2760). In addition 
to this, D(2760) can be the orthogonal partner of D(2610) be- 
cause the total decay width for D(2760) calculated by the QPC 
model is close to the upper limit of the observed one with the 
same mixing angle range as D(2610). This is shown in Fig. 
[3]with the predicted partial decay behaviors of D(2760). One 
needs to have further precise measurements on the main de- 
cay channels of D(2760), especially on D^n and Di(2420) 
because the two-body strong decays of D(2760) for the above 
two different structure assignments display different behav- 
iors as shown in Table [Til] and illustrated in the right diagram 
of Fig. gj 



FIG. 2: (Color online.) The R value dependence and the typical val- 
ues of the decay width for D(2'5o)- Here, dashed line with error 
band is the BaBar's results of the width of £>(2550). 



D(2610) and D(2760) : As shown in Fig. [3] assignment 
of D(2610) and D(2760) to pure 2 3 Si and l 3 £>i charmed 
mesons, respectively, can be fully excluded because their de- 
cay widths estimated by the QPC model cannot be fitted with 
the corresponding observed ones when setting the mixing an- 
gle <p — 0. Instead, there exits unique, possible assign- 
ment to the structure of D(2610), i.e., an admixture of 2 3 5i 



D{7r) states : In the following, the decay behaviors of two 
2~ states in ID charmed mesons, which are still missing in ex- 
periment, are predicted. As described in Fig. [4] the total and 
partial decay widths for two 2" states are given with the mass 
dependence because the spectra of two 2" states are unknown. 
By increasing the mass of 2" charmed meson, more decay 
channels are open. As a result, the widths of two 2~ charmed 
mesons become broad, where J__0~ and 2J_1~ channels (with 
the underline to mark the quantum number of charmed me- 
son) are dominant decay modes of both 2" charmed mesons 
for the whole mass region. Additionally, 0_1~ is also the dom- 
inant decay of 2~(1" 3 Z)2") charmed meson once this channel 
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FIG. 3: (Color online.) The variation of the total and partial decay 
widths for two 1" states discussed in this letter with the mixing angle 
range -1.5 < < 1.5 radians. Here, dashed lines with error bands 
are the BaBar's result of the widths for D(2610) and D(2760). 
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FIG. 4: (Color online.) The figure shows the mass dependence 
of the total two-body and partial strong decay of two ID charmed 
mesons with J p = 2", which are mixing of l'Di and 1 3 £>2 states 
with definitions |" 3 Z) 2 "> = V375| 3 2 > - ^pj5\ l D 2 ) and \ ul D 2 ") = 
V2"75| 2 I> 2 > + V375|'-D2> GlEi]- Here, the mass range of these two 
2" charmed mesons is taken as 2.5 - 2.8 GeV, and the J F quantum 
numbers of charmed mesons of final state are marked by underline. 



TABLE III: The partial decay width of the 3 (1 3 £>3) state (in units of 
MeV). 



Decay channel Decay width Decay channel Decay width 
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is open. In Fig. |4] we have not included the decay mode + CT 
because the process 2" — > + 0~ through D-wave interaction 
is smaller contribution than other channels. Thus, D*n and 
Z)*(2460)7r could be two key decay channels when one exper- 
imentally searches for these two 2" charmed mesons. If tak- 
ing the typical value m = 2.76 GeV for these two 2~ charmed 
mesons, the total decay widths can reach up to 103 MeV and 
143 MeV for 2"(1" 3 D 2 ") and 2"(1" 1 D 2 ") states, respectively. 



mass spectra, we have found discrepancy between theory and 
the experiment on the width for D(2550). Our theoretical cal- 
culation of its decay width is far less than the observed one 
by BaBar. This may be due to our quark model assumption 
for Z)(2550) or due to the assignment 2'5 to D(2550). More- 
over, the decay behavior of the remaining two ID charmed 
mesons have also been predicted, which provides valuable in- 
formation for future experiments to search for all ID charmed 
states. 

Just because of the similarity between charmed and 
charmed-strange mesons, this study will shed light on the 
underlying properties of the observed charmed-strange states 
Z) s i(2710) and D s/ (2860) dnt] due to two facts which may 
reflect the global flavor S U(3) recovery lfl8ll : the mass gap 
between D(2760) and D(2610) surprisingly agrees with that 
of D j7 (2860) and £^(2710), both of which are about 150 
MeV; D J y(2860)/D J i(2710) have almost the same mixing an- 
gle between l 3 5i and l 3 Z?i states as that of charmed cousins 
D(2760)/D(2610) if considering the mixing of two 1~ states 
to explain D(2760)/D(2610) and D J y(2860)/D J i(2710) fil . 
More abundant experimental phenomena together with further 
efforts on phenomenological study will contribute to our un- 
derstanding of heavy-light meson system. 



In summary, three newly observed charmed resonances, 
D(2550), D(2610), and D(2760), have been for the first time 
assigned as 25 and ID charmed meson by the analysis of mass 
spectrum as well as the calculation of two-body strong decay. 
Concretely, D(2610) should be the mixing of D(2 3 5'i) and 
D(l 3 Di) charmed mesons with spin-parity J p = 1~, where 
pure 1~(2 3 S i) state assignment to D(2610) has been fully ex- 
cluded in this letter. There exits two structure assignments to 
D(2760), i.e., the orthogonal cousin of £>(2610) or 3"(1 3 D 3 ), 
which can be distinguished by further study on the main decay 
channels of D(2760) in future experiment. Although D(2550) 
is seemingly explained as 2 1 5'o state under the analysis of the 
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